2016). Control banding tools for occupational exposure assessment of nanomaterials -Ready for use in a regulatory context? NanoImpact, 2, 1-17.
Introduction
The development, production and application of manufactured nanomaterials (NM) 1 have increased fast in different fields in recent years. The growth in industrial use and application of NM can be expected to lead to increased occupational exposure incidents to NM. At the same time, it has been recognized that NM may possess different toxicological profiles and exposure characteristics due to their nm-scale and particular reactivity as compared to that of the same compound in the μm-scale (Oberdörster, 2002; Oberdörster et al., 2005; Warheit, 2008; Warheit et al., 2008; Karlsson et al., 2009; Bakand and Hayes, 2012; Schulte et al., 2013) . It is currently impossible to generate sufficient hazard data case-by-case at the same pace as the technological development and implementation of nanomaterials occur (WHO/EURO, 1985; Linkov et al., 2009; SCENIHR, 2010) . For exposure assessment and risk management the lack of data is even more pronounced than for hazard (Safe Work Australia, 2010; Maynard, 2014; Seipenbusch, 2014a) . Even-though, considerable efforts has already been made to establish inhalation exposure scenarios with contextual information (Seipenbusch, 2014a) and exposure measurement databases for risk assessment purposes (PEROSH, 2014) , these data resources are still far from complete and rarely give results on the specific NM exposure. This is because it normally requires a highly dedicated study to quantify the specific NM-exposure in workplace measurements due to mixture with other particle sources in the factory, as well as aerosol dynamics including agglomeration and deposition (Asbach et al., 2014; Seipenbusch, 2014a Seipenbusch, , 2014b . There is a growing number of studies documenting the protective efficacy for nanomaterials of engineered and personal protection equipment (Rengasamy et al., 2004; Dolez et al., 2009; Shaffer and Rengasamy, 2009; Park et al., 2011; Faccini et al., 2012; Koivisto et al., 2015) , however information on the efficacy of industrial solutions is still scarce. Therefore, it will normally be impossible to complete occupational exposure estimations from standard workplace measurements and read across from analogous data as they are outlined in e.g., the technical guidance documents provided by the European Chemical Agency (ECHA) (Jensen et al., 2010; Aitken et al., 2011; Hankin et al., 2011; ECHA, 2012a) .
In the absence of reliable exposure measurement data, the ECHA Guidance R.14 suggests that Tier 1 and Higher Tier tools can be used to perform an alternative exposure assessment. The Tier 1 tools mentioned include ECETOC TRA (Targeted Risk Assessment), MEASE (Metals-EASE), and the EMKG-Expo-Tool (Einfaches Maßnahmenkonzept für Gefahrstoffe) and are considered to provide worst case exposure estimates based on a limited number of input data (see Supplementary material, Table S1 ). The Higher Tier tools: RISKOFDERM, Stoffenmanager, and the Advanced REACH Tool (ECHA, 2012a) enable quantitative exposure estimates with a higher number of input data (see Supplementary material, Table S2 ). Tier 1 tools are relatively simple and inherently conservative and best used for initial screening (ECHA, 2012a) . The higher Tier tools are proposed when the assessments from Tier 1 tools indicate excessive exposure levels. However, all the tools mentioned in R.14 (ECHA, 2012a) have important limitations when it comes to exposure and risk assessment of NM and consequently potentially provide inadequate background for risk assessment.
First, to complete the assessment, all the REACH tools require an occupational exposure limit (OEL) or similar values, which only exists for a few specific NM. Alternatively, experimental values such as noobserved-effect-levels (NOEL) or lowest-observed-effect-levels (LOEL) may be used. Establishment of such alternative data requires knowledge from epidemiological studies (not existing or not available), human exposure studies (insufficient knowledge), or interpretation from animal studies. Even-though toxicological data are available on several NM, the end-points studied so far with identification of a LOEL or NOEL are limited. Almost no data are available on carcinogenicity, mutagencity, allergenicity, and reprotoxicity of NM, which are the most critical endpoints for risk identification and exposure management.
Second, there are limitations in the types of materials for which assessments can be made using REACH tools as well as in the physicochemical properties and exposure parameters that are taken into consideration. In the EMKG-Expo and Stoffenmanager tool, the dustiness (scores) is predefined depending on types of material or their mistiness and physical characteristics (e.g., solid particles, firm granules or flakes, granules or flakes, coarse dust, fine dust, fine light powders, extremely dusty products). These categories do not seem to agree well with variability observed for nanomaterial powders and the processspecific release potentials for NM. Experimental evidence from testing in rotating drum and continuous drop systems show rather large variations ranging according to EN 15051 (BS EN 15051, 2006) from low: 10 mg/kg to higher than 250 mg/kg for different nanopowders (Dahmann et al., 2007; Schneider and Jensen, 2008; Jensen et al., 2009; Burdett et al., 2013; Levin et al., 2014) . The ECETOC TRA and ART on the other hand enable use of test or default (not ECETOC TRA) dustiness values, which opens up for a wider dynamic range. Regarding materials, neither Stoffenmanager nor ART can be used for fibrous materials. As a note, it is worth mentioning that none of the Tier 1 tools have been validated before inclusion in the REACH guidance documents even-though validation is now in process for some of the tools (ETEAM Conference, 2014) .
Third, the REACH models/tools require modification to enable exposure assessment of NM by taking into account additional information and considerations as concluded in the REACH Implementation Projects on Nanomaterials; RIPoN 2 and RIPoN 3 (Aitken et al., 2011) . For hazard assessment, RIPoN-2 indicated that particle shape; surface area; surface energy; surface chemistry; surface charge; redox potential; cell-free ROS (reactive oxygen species) production capacity; as well as state of dispersion and state of agglomeration should also be taken into account. RIPoN-3 additionally outlined that for exposure assessment, discrimination of background particles; collection and analysis of size information as well as the effective high spatial and temporal variability; choice of metrics and measurement instruments; measurement of high aspect ratio nanomaterials; the number concentration, the surface area concentration should also be taken into consideration for exposure assessment. Yet, due to technological limitations, there are still some major developments of measurement technologies and protocols needed before such new metrics can be considered reliable and suitable for administrative use (Asbach et al., 2009; Leskinen et al., 2012; Levin, 2015; Levin et al., 2015a Levin et al., , 2015b . Given the lack of data; no nanomaterial-specific OEL; access to only a limited number of reliable measurement data; and the number of nanospecific information demands required in addition to those already requested in existing REACH exposure assessment tools, it is evident that approaches are urgently needed to enable assessments of the potential exposure and hazard of specific NM.
Control Banding (CB) tools represent such alternative approaches for risk management based on combined "computational" hazard and exposure ranking. Control Banding is defined as a generic pragmatic approach that can be used for the control of the workplace exposure to agents with unknown or uncertain toxicological properties and for which there is a lack of quantitative exposure estimations. For risk management, CB tools normally propose a range of control measures (such as general ventilation, and containment) according to the estimated range or "band" of hazard and the range or "band" of exposure" (ISO/ TS 12901-2, 2014) .
A number of CB-type tools have already been developed for NM. Currently these NM-specific Control Banding tools are primarily made for assessment and control of occupational airway exposure, which is also the current key priority in general risk management of NM (Stone et al., 2014) . As already stated by Brouwer (2012) , these CB-type tools have been made for different uses and have different levels of complexity. However, so far these tools have not been investigated and compared in detail, which is important to improve our understanding on how they differ in application domains as well as the types of assessments and information provided and potential improvements in future developments.
In this paper, we first introduce and analyze six CB-types of tools (or models) with respect to their application domains, input data requirements, and methods for estimation of exposure and hazard potentials, their output and final control. We compare the needed inputs in the CB tools with the requested information for exposure assessment under REACH as described in ECHA Guidance R.14 (ECHA, 2012a) and Appendix R14-4 (ECHA, 2012b), and the conceptual source to receptor exposure model by Schneider et al. (2011) . A better understanding of the needed assessment parameters and calculation principles will enable a better foundation to assess their respective maturity and potentials for further development into administrative tools. Finally, we provide recommendations on the further development on CB-tools, harmonization and validation in order to improve the applicability and predictions made by most tools.
Models and Analyses
Six risk categorizations and CB-tools and methods were selected in the analysis: The Control Banding Nanotool; the IVAM Guidance; the Precautionary Matrix; Stoffenmanager Nano; the ANSES tool; and NanoSafer. A brief summary of each of these tools and methods is given below and in Table 1 with respect to their application domains, number of requested inputs, and types of output format.
Models

The control-banding nanotool -CB nanotool
The CB Nanotool was intended to enable precautionary qualitative risk assessment to protect researchers at the Lawrence Livermore National Laboratory (Paik et al., 2008; Zalk et al., 2009; Zalk and Paik, 2010) . The CB Nanotool is available on the internet as a downloadable excel sheet model (http://www.controlbanding.net/). It is a simplified approach for experts and non-experts and accounts for factors determining the extent to which employees may be potentially exposed to nanomaterials. The CB Nanotool allocates 4 bands for hazard (severity score) and 4 bands for exposure (probability score) and 4 risk level control bands. The overall level of risk and corresponding control band is determined by a matrix arranged with the probability scores in the columns and the severity scores in the rows. The maximum probability/ severity score is 100.
IVAM Guidance
The IVAM Guidance (Cornelissen et al., 2011) was developed in collaboration between employers and employees to provide a guidance to work safely with engineered NM and end-products. The method and guidance document is available from the internet (http://www.industox.nl/ Guidance%20on%20safe%20handling%20nanomats&products.pdf).
The system has a list of ten generic default activities to help the user in making an inventory of potential nanomaterial release along the life cycle. It allocates 3 bands for the hazard ranking, 3 bands for the exposure ranking, and 3 control level bands. The control level bands are classified in three control level A, B, C ranking from A lowest to C highest with corresponding advice for control measures for each control level.
Stoffenmanager Nano
Stoffenmanager Nano (van Duuren-Stuurman et al., 2012) is a nanospecific module supporting the generic Stoffenmanager risk-banding tool for assessment of NM during synthesis, in powders, sprays and embedded in products. It was developed by TNO and ArboUnie, Holland and is available as web-based tool (https://nano.stoffenmanager.nl/). The Stoffenmanager Nano tool is developed as a practical approach for employers and employees for risk prioritization in exposure situations where quantitative risk assessment is currently not possible. Stoffenmanager Nano can assess the risk both excluding and including risk management measures such as local exhaust ventilation and personal protection equipment. Stoffenmanager Nano allocates 5 bands for hazard, 4 bands for exposure and 3 for control banding. In the publication (van Duuren-Stuurman et al., 2012) , the control bands are classified in three priority bands corresponding to low/medium/high priority of action. In the web-tool, the system gives the user a risk (1) ASTM -definition As nanotechnology is a rapidly developing field, it will be necessary to continually reassess the terms and definitions contained in this standard, for purposes of revision when necessary. The intent of the terms and definitions in this standard is to describe "...materials containing features between approximately 1 and 100 nm and to differentiate those properties different from properties found in either molecules or the bulk (interior) of larger, micron-sized systems."
(2) IVAM -definition A nanoparticle is a particle with three dimensions in the range of 1 -100 nm. A fibrous particle does have two dimensions in the nano range of 1 -100 nm
(3) ISO/TS 27687 -definition Nano-object: Material confined in one, two, or three dimensions at the nanoscale. This includes nanoparticles (all three dimensions in the nanoscale), nanofibres (two dimensions in the nanoscale) and nanoplates (one dimension in the nanoscale). Nanofibres are further divided into nanotubes (hollow nanofibre), nanorods (solid nanofibre) and nanowire (electrically conducting or semiconducting nanofibre).
(4) EC -definition Nanomaterial means a natural, incidental or manufactured material containing particles, in an unbound state or as an aggregate or as an agglomerate and where, for 50 % or more of the particles in the number size distribution, one or more external dimensions is in the size range 1 nm-100 nm.
(5) SCENIHR -definition Nanomaterial: Any form of a material that is composed of discrete functional parts, many of which have one or more dimensions of the order of 100 nm or less prioritization for the task and the "risk time" taking both duration and frequency into account.
ANSES CB nanotool
The ANSES CB nanotool was developed by the French Agency for Food, Environmental and Occupational Health & Safety (ANSES) to be applied for conducting risk assessment and risk management of work with manufactured nanomaterials or nano-enabled products in industrial settings (Ostiguy et al., 2010; Riediker et al., 2012) . The method and guidance document is available from the internet (https://www. anses.fr/en/content/anses-proposes-innovative-approach-preventionoccupational-risks-nanomaterials). ANSES applies 5 hazard bands, 4 exposure bands (emission potential) and 5 control bands for risk. The control bands (levels) are derived by combinations of the hazard and exposure (emission potential) bands in a two-dimensional decision matrix, ranking from lower CL1 to higher CL5 associated with general recommendations.
NanoSafer
The NanoSafer CB-tool (Jensen et al., in preparation; Kristensen et al., 2010) was developed primarily for assisting small and medium-size companies and laboratories with no or limited experience in producing or working with nanomaterials and/or with insufficient resources to perform a full precautionary risk assessment. The system was initially developed for assessment of powder handling and fugitive/pointsource emissions. The NanoSafer is available as a web-tool (http:// nanosafer.i-bar.dk/Default.aspx). In NanoSafer, 4 bands are allocated for the hazard, 5 bands for exposure and 5 risk levels (control bands). Each control band (risk level) is associated with general recommendations for risk management and action that should be taken into consideration. It also contains an e-learning tool with inspiration on how to reduce exposure or risk thereof.
2.1.6. The Swiss Precautionary Matrix 3.0
The Swiss Precautionary Matrix is a risk categorization tool and cannot be properly categorized as a "conventional" Control Banding-based tool. However, it has some interesting concepts that are relevant for comparison with CB tools. The Swiss Precautionary Matrix is available through the internet and can be downloaded as a stand-alone tool (http://www.bag.admin.ch/nanotechnologie/12171/12174/ 14653/index.html?lang=en). It was developed by the Swiss Federal Office of Public Health and Federal Office for the Environment (Höck et al., 2008 (Höck et al., , 2011 and intends to help trade and industry producing or using nanomaterials and nano-enabled products to identify possible sources of risk from production, use and disposal; considering workers, consumers and the environment. The outcome is a score that can be smaller or greater than 20; if the outcome is greater than 20, the Precautionary Matrix suggests a need for action.
Analysis
The CB tools were compared in regard to a) scope and application domains; b) input parameters and their use; c) banding allocation and scaling principle, d) their determinant parameters for exposure evaluation, and e) their maturation levels as determined by to which extent they consider the minimum requirements for exposure assessment in the Technical REACH Guidance (ECHA, 2012a) and the conceptual Source-Transport-Receptor model for nanomaterial exposure assessment by Schneider et al. (2011) .
For the Precautionary Matrix, Stoffenmanager Nano and NanoSafer tools, the analysis is based on available publications, disseminations, and on their web-based application. For the CB Nanotool, the literature description and its operational spreadsheet were the foundation for the analysis, and for the IVAM Guidance and the ANSES tools the evaluation was based only on their literature description.
It should be noted that in order to evaluate the general inputs of the tools and their control-banding banding principles, it was necessary to also consider the input parameters for hazard assessment, which encompasses: physico-chemical properties and material characterization, and relevant toxicological data.
Results
Scope and application domains
It is evident from the scope of each of the tools that they were developed for different purposes (Table 1) . While the CB Nanotool was developed for protecting nanotechnology researchers, the IVAM Guidance was developed to support employers and employees in identifying the risks associated with different work situations, Stoffenmanager Nano, NanoSafer, and the ANSES tool were developed for occupational risk assessment and management during synthesis and downstream use of NM, but also laboratory work, and the Precautionary Matrix was developed for risk identification and prioritization considering the workplace, consumers and the environment in a life cycle perspective. None of the tools were developed considering REACH requirements. Therefore, compliance with the technical guidance documents prepared by ECHA is not a decisive quality criterion for the tools, but will be discussed later in regard to their potential regulatory use.
The primary nanomaterial inclusion criteria for using the tools are one of the key issues for comparison of the use domains. In this respect, all of the European tools, but the Swiss Precautionary Matrix, considers nanomaterials according to ISO/TS 27687 (ISO/TS 27687, 2008) , which defines manufactured nano-objects (MNOs) as a material with one, two or three external dimensions in the nanoscale size-range; being approximately 1 to 100 nm, as well as their agglomerates and aggregates. This is also the basis for the number-based definition of a nanomaterial proposed by the European Commission in 2011, where a nanomaterial is a material where more than 50% by number of the manufactured nano-objects have a minimum diameter between 1 and 100 nm ((EC European Commission, 2011)). The Swiss Precautionary Matrix, acknowledges the nanomaterial definition, but includes materials consisting of objects with particle sizes up to 500 nm considering the biological properties. The US CB Nanotool defines the nanomaterial according to ASTM International (ASTM E2456, 2012) (formerly known as the American Society for Testing and Materials), which defined nanoparticles as having two or three dimensions b 100 nm.
For inclusion as a nanomaterial, the Precautionary Matrix, Stoffenmanager Nano, ANSES and NanoSafer also takes the specific surface area (SSA) into account. This metric was also proposed in the recommendation for a nanomaterial definition by European Commission (EC European Commission, 2011). For the Precautionary Matrix, SSA is an input parameter used to consider the nanorelevance. Stoffenmanager Nano includes materials with a SSA of 60 m 2 /g or higher as an alternative to particle size. However, to follow the EC recommendation exactly, this value should in fact be the volume-specific surface area (VSSA) with a threshold value of 60 m 2 /cm 3 . NanoSafer deviates from the EC-recommendation on the VSSA for precautionary reasons and includes NM with VSSA greater than 30 m 2 /cm 3 .
Input parameters
As summarized in Table 1 , the CB tools differ greatly in regard to the number of input parameters requested for the hazard-and the exposure assessment and final scaling (Table 1) . Even-though they all consider the same key elements, the models have important differences in the specific phrasing of the specific requested input and in how the different input parameters are used in the respective models. This is illustrated in Tables 2 to 6, where the inputs have been sorted into the five Tables in accordance with the five groups of input categories defined in ISO/TS 12901-2:2014 (ISO/TS 12901-2, 2014): Information and identification; Physicochemical properties and material characterization; Toxicology data; Exposure characterization; Characterization of control measure. The specific questions and use of these data are further elaborated below in Sections 3.2.1 to 3.2.5.
It should be noted that in some models, the same input parameters may be used to determine both the nano-relevance (i.e., should it be considered a nanomaterial within the scope of the tool?) and the hazard or exposure. In Table 1 such parameters are counted twice. In any case, Tables 2 to 5 clearly demonstrate that the number of input parameters requested often is much higher than the number of parameters applied in the models. In the CB Nanotool, only 20 out of 53 requested input parameters are used for the allocation of the hazard-(Severity Score) and exposure bands (Probability Scores). In the IVAM Guidance tool, only 3 out of 28 input parameters are requested in the model. The ANSES tool only has 9 inputs that are used to determine the hazard and exposure bands.
The NanoSafer and Stoffenmanager Nano have much higher information requirements and ask for 25 and 47 entries, respectively. Two of the inputs on the NM identification in NanoSafer are optional and offered for the user to name and identify their registered NM for subsequent use. Including naming of the activity in NanoSafer, 23 of the 29 possible entries are used for allocation of the final risk level and 6 inputs are used for naming the material and work process. In Stoffenmanager Nano only 28 out of the 47 inputs are used to determine the hazard and the exposure, (2 and 26 respectively) and 19 are used for naming the material, for naming the work process and for preliminary decision tree questions to determine the toxicity of the material. In the Precautionary Matrix the input information consists of 28 entries. Besides general information inputs (e.g. on the responsible contact person, the description of the considered nanospecific field, the process information on the life cycle and uncertainties), 19 of the 28 input parameters are used in the assessments. Below we discuss in greater detail the information requirements considering the elements in ISO/TS 12901-2:2014 (ISO/TS 12901-2, 2014) to obtain further insight into the different thoughts behind the scope and assessments made by the different models,
Information and identification
Some of the tools specifically ask for the material name as well as CAS number and/or EINICS number as Information and identification input parameters. For identification, the Precautionary Matrix, Stoffenmanager Nano and the ANSES tool in addition to the "material or product name" also asks questions considering whether the material can be defined as nanomaterial according to ISO and EU definitions or whether the material is soluble or insoluble in water or whether it is a persistent fiber. In NanoSafer the nanorelevance of the material and type of nano-object is evaluated automatically based on the associated material descriptors and the physico-chemical input data on sizes, the VSSA (calculated from the specific gravity and the specific surface area), and solubility (see further discussion below). Similar approaches have recently been suggested for nanomaterial grouping and read-across (e.g., Oomen et al., 2015) .
Physico-chemical properties and material characterization
There is a lot of similarity between the tools considering their requested physico-chemical properties and material characterization ( Table 3) . All tools ask for information on dimensions of the nanoobjects and often information on reactivity in some form. The sizeinformation is generally used to identify whether the material is a NM, but some size-information questions on e.g., level of agglomeration are also used for hazard assessment in the Precautionary Matrix.
All CB tools also consider the NM solubility or stability and some use this parameter as a screening element to determine whether the NM could be assessed using conventional risk assessment tools. The Table 2 Overview of the specific information and identification requirements of the different CB tools analyzed. Shaded cells indicate that the specific information is not requested. hypothesis applied is that the biological effects of highly water-soluble NM will not differ significantly from that of coarser particles. In Stoffenmanager Nano and NanoSafer low solubility (b 0.1 g/L and b1 g/L respectively) is a prerequisite for applying the tool. The IVAM Guidance also use b0.1 g/L as the limit between low and high solubility.
Entry
In the ANSES tool, low solubility rate (slower dissolution than 1 h) is a discriminating factor moving the hazard level one band up. In the CB Nanotool solubility is referred to with no further detail, whereas the Precautionary Matrix considers the half-life of the NM in the body. Noteworthy, the type of solubility information asked for in the ANSES tool and the Swiss Precautionary Matrix is not available in standard technical data-or safety data-sheets. It is also notable that the definition by which the solubility is defined in the different tools has great influence on which materials that will be included or not for CB assessment. Only two tools, the Precautionary Matrix and NanoSafer, request information on whether the NM have been chemically coated/ functionalized. The information appears only to be directly applied in NanoSafer for hazard band allocation. However, the Swiss Precautionary Matrix instructs to make a separate (additional) matrix for the modified particle in case the coating is not stable. On the other hand, only the CB Nanotool and the Precautionary matrix ask for information on the agglomeration and aggregation behavior of the NM.
Interestingly, the physico-chemical properties and material characterization data are used in different ways in the different tools. In Water solubility (the substance is soluble in water when its solubility is higher than 100 mg/l) H Density (in kg/dm 3 ) -Material containing primary particles, in an unbound state or as an aggregate or as an agglomerate and where, for 50% or more of the primary particles in the number size distribution, one or more external dimensions is in the size range 1 nm -100 nm or (Ii the number size distribution is unknown) N Material where the specific surface area by volume is greater than 60 m 2 /cm 3 N Size of the primary particles in the materials (free, bound, aggregated or agglomerated) N Are coated / functionalised nanomaterials involved? -Redox activity of the nanomaterial H Catalytic activity of the nanomaterial H Oxygen radical formation potential of the nanomaterial H Induction potential for inflammatory reactions of the nanomaterial H Stability (half-life) of the primary particles present in the nanomaterial in the body H N: Nano relevance; H: Hazard scaling; E: Exposure scaling; I: Available Info/Uncertainty; X: decision tree preliminary questions; -: input not used for the assessment. £: Nanomaterial Field-Information Form for CB Nanotool €: Mandatory field in Stoffenmanager Nano entries most of the tools the data are used for hazard band allocation alone, but in some cases they are also used for nanomaterial identification. In NanoSafer physico-chemical data (specific surface area and specific gravity) are also used for scaling of the final risk level. It is also interesting to note that the Stoffenmanager Nano and the ANSES tool use relatively few physico-chemical input data, whereas a larger suite of data are requested and used by the CB Nanotool, the Precautionary Matrix and NanoSafer.
Toxicological data
It is observed that different approaches are used for hazard ranking in the different tools and with substantial differences in the level of detail. Table 4 lists the Toxicological data requested by the different tools and by the number of inputs this type of information (in combination with physicochemical properties) is of high importance for the hazard band allocation in the CB Nanotool, Stoffenmanager Nano and NanoSafer. The IVAM Guidance and the Precautionary Matrix base their hazard assessment on the physicochemical properties and material characterization alone. In the ANSES and NanoSafer tools, the hazard band allocation is determined from a combination of material characteristics and known hazards of the bulk material.
The CB Nanotool especially asks for the mutagenicity, carcinogenicity, reproductive toxicology, dermal effects, asthmagenicity of both the nanomaterial and the parent material; and the OEL of the parent material. Default entries are available if answers are unknown.
Stoffenmanager Nano asks one specific question on whether the nanomaterial has been associated with an inhalation hazard to be selected from 6 possibilities covering non-hazardous to carcinogenic effects in a drop-down menu (Table 4 ). However, the tool also asks whether the assessment concerns any of the nanomaterials included in the test program under the OECD Working Party on Manufactured Nanomaterials (OECD, 2015) . It was not evident, from our analysis, if selection of any of these materials will provide additional default hazard data for the assessment.
NanoSafer asks the user to tick relevant risk phrases known for the nearest analog bulk material among at least 30 pre-selected inhalation-relevant risk phrases covering: general toxicity, carcinogenicity, reprotoxicity, allergy and sensitization, and neurotoxicity. The user is also requested to enter the OEL of the nearest analog bulk material. The hazard band allocation is based on these data combined with scores for the physico-chemical properties (coating and aspect ratio) of the NM.
Interestingly, all the tools refer to the bulk parent material when information on the nanomaterial is not available and they generally agree that material information should be gathered from technical and safety data sheets. This highlights the need for ensuring high standards of these documents. H Risk (R-Phrases: General toxicity (R20-R28; R33; R36-39; R41; R48; R65; R68); Carcinogenic effect (R40; R45;R46; R49); Reprotoxicity(R60-R64); Allergy and sensitization(R42-R43); Neurotoxicity (R67)) H N: Nano relevance; H: Hazard scaling; E: Exposure scaling; I: Available Info/Uncertainty; X: decision tree preliminary questions; -: input not used for the assessment. £: Nanomaterial Field-Information Form for CB Nanotool €: Mandatory field in Stoffenmanager Nano entries Stoffenmanager Nano ANSES NanoSafer Exposure Characterization Is the task being carried out in the breathing zone of an employee (distance head-product < 1 meter)? (Yes/No) € (Please note: that if your choice for 'yes -the task is being carried out in the breathing zone' then the option 'the employee does not work in a cabin' is automatically selected. If however you do want to select a cabin, then return to 'is the task being carried out in the breathing zone' and select 'no') X Is there more than one employee carrying out the same task simultaneously € 
E
The physical form of the nanomaterial (Solid: solid materials containing nanomaterials or having a surface that is nanostructured or covered with nanoparticles. Liquid: suspension of free nanoobjects and/or aregates/agglomerates of nano-objects smaller than 100nm in a liquidmedium, regardless of its viscosity. Powder: mass of nanomaterials (free nanoobjects and/or aggregates/agglomerates of nano-objects smaller than 100 nm). Aerosol: liquid or solid suspension of nanomaterials (free nano-objects and/or aggregates/agglomerates of nano-objects smaller than 100 nm) in a gas (including air)), whether raw or included in a matrix and E 
Exposure characterization
The results in Table 5 show that the tools also vary considerably in their number of input parameters required to complete the Exposure Characterization and to what extent the information is used in the exposure band allocation. For example, the IVAM Guidance tool asks 18 questions, but in the end only uses 1 parameter for allocation of the exposure band. This is due to the fact that IVAM guidance request information to form the basis for a dialog and qualitative assessments. At the other end Stoffenmanager Nano and NanoSafer asks for 22 and 13 questions and use 15 and 11 respectively for allocation of the exposure band. The major differences between Stoffenmanager Nano and NanoSafer is the calculation procedures and differences in the output where "risk time" (assessment considering the duration and frequency of exposure) and "risk task" (assessment considering the specific task alone) are assessed in Stoffenmanager Nano, whereas, the acute and chronic (daily) exposure is assessed by NanoSafer. Another difference is that risk management measures can be contemplated in Stoffenmanager Nano but not in the NanoSafer 1.0 model where the exposure controls are recommended based on the assessment. Inclusion of risk management measures are considered in current further developments of the NanoSafer model.
Almost all the tools ask for the amount of material handled during each task, but the questions address different aspects. For instance, the CB Nanotool asks for "maximum daily amount used" whereas Stoffenmanager Nano asks for "production or usage volume in kg a year" and NanoSafer asks for "total mass of material handled The worker works in a cabin without specific ventilation system; The worker works in a separated (control) room with independent clean air supply) € E Is personal protective equipment applied? (None/Filter mask P2 (FFP2)/Filter mask P3 (FFP3)/Half mask respirator with filter, type P2L/Half mask respirator with filter, type P3L/Full face respirator with filter, type P2L/Full face respirator with filter, type P3L Half/full face powered air respirator TMP1 (particulate cartridge)/Half/full face powered air respirator TMP2 (particulate cartridge)/Half/full face powered air respirator TMP3 (particulate cartridge)/Full face powered air respirator TMP3 (particulate cartridge)/Hood or helmet with supplied air system TH1/Hood or helmet with supplied air system TH2/Hood or helmet with supplied air system TH3) € E N: Nano relevance; H: Hazard scaling; E: Exposure scaling; I: Available Info/Uncertainty; X: decision tree preliminary questions; -: input not used for the assessment. £: Nanomaterial Field-Information Form for CB Nanotool; €: Mandatory field in Stoffenmanager Nano entries. 5 (continued) in each work cycle". A number of tools such as the CB Nanotool, Stoffenmanager Nano and NanoSafer also consider the duration and frequency of the operations. Such differences demonstrate the different types and levels of assessments made.
Finally, the ANSES tool requests data on the physical form of the nanomaterial matrix and specific material transformations for different physical forms during the operational tasks, whereas Substance emission potential and Activity emission potential are requested data in Stoffenmanager Nano and in NanoSafer (given substance emission rate or calculated from dustiness indexes and activity energy factors).
Characterization of control measures
The elements included under the Characterization of control measures are summarized in Table 5 . The CB Nanotool and Stoffenmanager Nano ask several questions on this topic whereas the IVAM Guidance only asks one question in the topic. However, none of the 8 input parameters asked in the CB Nanotool are used for quantification. Interestingly, the parameters in this category also includes other contextual information, including the cleanliness of the work area and the number of employees potentially exposed and their behavior when handling the nanomaterials, than just the efficacy of the engineered and personal protection equipment. Stoffenmanager Nano is the only tool that currently takes into account characterization of the control measures for the calculation of the exposure scaling. This is by assuming that the efficiencies of exposure control measures have similar performance to nanomaterials as to conventional dust emissions (Fransman et al., 2008) .
Banding allocation and scaling principle
Table 1 demonstrated that the different CB tools differed in regard to the number of hazard and exposure bands and in how they are combined. As demonstrated in Tables 2-6, the hazard and exposure bands are also to some extent allocated using different parameters or specific forms of the input parameter and at different levels of detail. In addition the scales and classification of the hazard and exposure bands vary between the different tools.
In the CB Nanotool, the hazard and exposure banding is based on the sum of all points allocated for each of the 20 parameters, 15 for hazard (severity) and 5 for exposure (probability). The exposure band is divided into four bands with the ranges: 0-25 = extremely unlikely, 26-50 = less likely, 51-75 = likely, 76-100 = probable. In the case of the Hazard band allocation, the user is asked to evaluate their nanoparticle using up to 15 parameters. For instance, surface chemistry must be ranked high, medium, low or unknown giving it a value of 10, 5, 0 and 7.5, respectively. Similarly, particle shape must be evaluated in regard to whether it is a) Tubular or fibrous, b) Anisotropic, c) Compact/spherical, and d) Unknown corresponding to value of 10, 5, 0 and 7.5, respectively. The hazard band is defined from the sum of all the values assigned.
The IVAM Guidance identifies three hazard categories for nanomaterials and nanoproducts ranging 1, 2, and 3; the higher the category number, the higher the anticipated health risk. The lowest category 1 is relatively harmless and given to water-soluble nanoparticles; intermediate category 2 and highest category 3 are allocated to synthetic, persistent (non-fibrous) nanomaterials and fibrous, non-soluble nanomaterials respectively. The three exposure categories ranging from the lowest; allocated for the case of no emission of free nanoparticles due to working in full containment; over an intermediate category; allocated for the case when emission of nanomaterials embedded in a matrix is possible; to finally the highest category; allocated to the case when emission of free nanomaterials is possible.
Stoffenmanager Nano and the ANSES tool have a similar approach for the hazard allocation. It consists of stepwise binary decisions that allocate the band according to the answer to the input parameters. In Stoffenmanager Nano, for instance, as a first step, asks whether the water solubility is lower than 0.1 g/L and then if it is a persistent fiber. If both of these entries are positive, this will automatically result in an allocation in the highest band. If it is not a persistent fiber, the specific hazard data is taken into consideration for the banding allocation. The allocation of control bands in ANSES is based on some preliminary question such as: does the product contain nanomaterials; has the nanoproduct already been studied with regard to regulations on classification and labeling; is it a biopersistent fiber; and afterwards allocates the bands according to the e-COSHH Essentials tool (COSHH, 2002) . The nanomaterial hazard band can be increased above the e-COSSH Essentials band of the corresponding bulk material, depending on its solubility or its reactivity.
The exposure band allocation in Stoffenmanager Nano is based on the principles in the source-to-receptor model described in Schneider et al. (2011) , evaluating different parameters (background concentration, near-field and far-field source concentrations, a multiplier for the reduction of exposure due to control measures at the worker or due to use of personal protective equipment, multiplier for duration and frequency of the handling). The exposure band is based on a score with four value ranges (b0.002; 0.002-0.2; 0.2-20; N20).
The emission potential levels in the ANSES tool is determined following a completely different approach allocating the potential emission according to the physical form of the nanomaterial matrix, whether Solid, Liquid, Powder or Aerosol, entering the process at the workplace; and specific material transformations due to the natural tendency of the material/matrix or due to process operation for different physical forms. The lowest band is allocated for the "Solid physical" form, the second band for the "Liquid form", the third for "Powder form" and the fourth highest for "Aerosol".
In NanoSafer the hazard assessment is based on a combination of binary grouping principles and quantifications based on toxicological rules, physicochemical properties and hazard properties of analog bulk materials. NanoSafer allocates four bands for the hazard (HCB1 = [0.00;0.25], HCB2 = ]0.25;0.50], HCB3 = ]0.50;0.75], and HCB4 = ]0.75;1.00]), with ranking value from 0.2 to 1, where 1 is the maximum value given to materials estimated to be highly hazardous. The value 0.2 is given for materials with OEL's above 1 mg/m 3 and no further reported physico-chemical properties of risk and risk sentences relevant for the airways. In NanoSafer the hazard evaluation of the nanomaterial is based on the existing knowledge on toxicological effects for the nearest analog bulk materials and on specific physicalchemical data information of the NM assessed. This includes the morphology of the primary nanomaterial, chemical surface modification, the OEL for the nearest analog bulk material, and risk or safety phrases for the nearest analog bulk material. Low solubility (b 1 g/l) of NM is a criterion for making a hazard band allocation in NanoSafer. The final hazard band is calculated by combining the individual hazard contributions through a score assigned to each contribution for the aspect ratio, surface modification, OEL and specific risk or safety phrases.
The NanoSafer exposure evaluation can be made based on userdefined scenarios and the method, as in Stoffenmanager Nano, follows the conceptual model for assessment of inhalation exposure developed by Schneider et al. (2011) . Allocation of the exposure bands takes into account: the respirable rotating drum dustiness index; the activity handling energy factor; the total mass of material handled in each work cycle; the duration of work cycle; the pause between work cycles; the number of work cycles per day; the amount of nanomaterial handled in each transfer (spoon, bag, big-bag etc.) ; the time required for each transfer (spoon, bag, big-bag etc.) ; the volume of the work room; and the air-exchange rate. An alternative approach considering constant (point source or fugitive) emission rates instead of dustiness for powder processes is also possible. The control bands (risk levels) is a combination of the derived hazard and exposure bands in a two-dimensional decision matrix, ranking from the lowest RL1 to highest RL5 associated with general recommendations for risk management. However, the procedure in NanoSafer is different from that in the other control banding tools as the final risk level is an integrated assessment considering the hazard band and exposure scaling derived from the calculated exposure potential, the specific surface area of the powder, the specific gravity, and the OEL for the nearest analog bulk material.
As previously mentioned, the Swiss Precautionary Matrix differs from the other tools since it is not aimed at a band allocation but only at determining whether there is a need for action (classified as B at scores N 20) or not (classified as A at scores 0-20).
The control band outcome
The CB tools also differ in the number of final control bands and in how they integrate the hazard-and exposure bands in order to provide the overall assessment. The control band allocation consist of 4 bands for the CB Nanotool, the IVAM Guidance and Stoffenmanager Nano, called: risk level, control level and priority band, respectively. The ANSES tool and NanoSafer both have 5 control bands called: control level and risk level, respectively. As mentioned above the Precautionary Matrix has only two classifications, A: low need for action and B: nanospecific action is needed.
Besides differing in regard to how they combine the hazard band and the exposure band into a control band, there is, also differences in the typology used to report the result from the assessment and recommendations. In the CB Nanotool, ANSES tool, IVAM Guidance, and NanoSafer the outcome consists of a control-banding risk level which is associated with a general risk management recommendation on the level of engineered and personal exposure control that should be applied. NanoSafer also provides e-learning on good practice and inspiration for exposure reduction. Finally, the Stoffenmanager Nano controlbanding output consists of a ranking priority of action needed.
The differences in the final output and the relative scaling, on top of different information requirements, mean that it is not straight forward to compare results from the different tools in a "quantitative" comparative study.
Determinant exposure evaluation parameters
The exposure determinants should be interpreted as all the parameters that are de facto used in the models to estimate or rank exposure. Identification of a set of exposure determinants does not necessarily mean that they are all main factors for the exposure evaluation since the analysis does not include a sensitivity analysis of the models. The results are held up against input parameters defined in ECHA Guidance R.14 and the conceptual source-to-receptor model by Schneider et al. (2011) , where the input parameters are sorted according to their use in the source (S), dust transmission (T), and receptor (R) parts of the model. The source component includes activity emission potential and substance emission potential. The transmission component considers the modifying factors of localized control, segregation, dilution, personal behavior, separation, and surface contamination. The receptor component includes only the use of respiratory protective equipment (ISO/TS 27687, 2008) . The general result of the analysis is summarized in Table 6 . The rows presents the input parameters grouped in accordance with ISO/TS 12901-2:2014 (ISO/TS 27687, 2008 . It is evident that the majority of the input parameters are in the domain for estimation of exposure at the source. The Stoffenmanager Nano and NanoSafer both consider parameters for the transmission and only Stoffenmanager Nano currently considers the respiratory protection equipment (RPE). When compared to the ECHA Guidance R.14 on Occupational exposure estimation, it should be noted that RPE, as well as several other parameters in both the source and transmission domains, are not core information requirements for Tier 1 exposure scenarios.
Some tools (i.e. IVAM Guidance, ANSES) base the exposure assessment on a limited number of parameters, mainly focusing on the physicochemical properties and material characterization, which then can be referred to as the source component of the Source Transmission Receptor (STR) model. Stoffenmanager Nano and NanoSafer estimate the exposure on more parameters and also include contextual information related to process and workplace and characterization of control measures (Stoffenmanager Nano) for a more elaborate assessment of work scenario more in line with the STR model.
The IVAM Guidance and the ANSES tools only use the input on physical state of the nanomaterial for the exposure assessment. This parameter is also part of the core information requirement for Tier 1 exposure scenarios listed in the ECHA Guidance R.14 on occupational exposure estimation. Notably, the IVAM Guidance bases the final evaluation on the user's judgment only telling whether or not emission is possible without specifying any exposure level of it. In addition to this, the ANSES tool includes also specific material transformations of the physical state to take into account the tendency of certain materials to change from one physical form to another due to the material/product characteristics e.g. friable solid, highly volatile liquid; or due to process operation e.g., powder generated by evaporation, dispersion in a liquid.
In the Precautionary Matrix it is also the physical state of the material, which is used to scale the potential for exposure, but the scaling is further refined considering the amount of material used and the frequency with which a worker handles the nanomaterial. Therefore, the Precautionary Matrix input parameters comply with the source component of the STR model.
As observed, the amount of NM handled and the frequency of handling are determinant parameters in several models. However, the terms are not requested and used in the same forms. In the Precautionary Matrix and the CB Nanotool, the amount used refers to the amount used in one day. Stoffenmanager Nano considers the amount as the exact weight percentage in the material, intermediate, spray or endproduct. In NanoSafer, the exposure assessment is based on the total amount used in the process (work cycle) as well as the amount used per task in the work cycle. This, coupled with information on duration, volume of work-room and air-exchange rates allows NanoSafer to estimate and subsequently rank the acute (15 min average) and chronic (8h daily) exposure potential. In Stoffenmanager Nano the long term exposure potential is assessed by taking the long-term frequency of use into account (van Duuren-Stuurman et al., 2012) . The frequency input parameter in Stoffenmanager Nano can vary from 4 or 5 days per week to 1 day per year, which will then be determinant for the long or short term exposure estimation. In the CB Nanotool, the frequency parameter is used in the same way as in Stoffenmanager Nano, (e.g. daily, monthly frequency), while in NanoSafer the frequency parameters accounts for the number of work cycles per day. In spite of its clear importance to understanding the exposure, frequency is not considered a core information requirement for Tier 1 exposure scenarios in the ECHA Guidance R.14 on occupational exposure estimation.
When it comes to the parameters related to the work-place it is noteworthy that room size and ventilation rate are only taken into account as determinant parameters in Stoffenmanager Nano and NanoSafer. The room size and the ventilation rate are important factors that control the dilution of the contaminants in the room, considered also as a modifying factor in the STR model. Room size is also a parameter considered in Tier 1 REACH tools.
In contrast to the other tools Stoffenmanager Nano considers also other work-place related parameters as it accounts for two input parameters for determining the background source, by asking whether the machineries are well maintained and whether the work place is being cleaned daily. These parameters, in combination with the intrinsic emission, are determinants for calculating the background concentration; and a parameter accounting for the local control measure, which is a determinant multiplier to calculate the potential exposure.
Control measures are only considered in Stoffenmanager Nano. Two different parameters can be selected for the engineering control and one parameter for the use of personal protection equipment. All are determinant multipliers for calculating the potential exposure and can be used in the assessment upon choice. Inclusion of control measures is in compliance to the receptor component of the STR model but is not a core information requirement for Tier 1 exposure scenarios in the ECHA Guidance R.14. In fact the ECHA guidance suggests generally not to consider personal protection equipment, but local exhaust ventilation for the first exposure estimation.
Discussion
When comparing existing tools and frameworks it is important to note that such a comparative analysis can never do full justice. The tools presented here are all helpful in the primary evaluation of the potential exposures and risks related to production and application of nanomaterials although they do not meet the intentions set out in ECHA Guidance R.14 (ECHA, 2012a). However, these tools can in principle all serve the Tier 1 purpose in R.14 due to the fact that their output is qualitative and follow various rankings or control banding approaches. It is furthermore stated for all of the CB-like tools that they are to be applied in early precautionary risk assessment. This is when no risk assessments can be performed based on toxicological and exposure evidence. Hence, many of the tools, examined in this paper, are in principle potential candidates for fulfilling the Tier 1 requirements set out in REACH and specified in ECHA Guidance R.14 (ECHA, 2012a) .
When it comes to comparison with REACH requirements and compliance with the STR model, a number of key aspects should be taken into consideration:
First of all, it should be taken into account that the aim of a CB-tool in general is not to be a quantitative model, which is the aim of the STR model. The CB Nanotool, Precautionary Matrix, Stoffenmanager Nano, ANSES and NanoSafer were developed in order to help developers, producers and users of NM to complete first precautionary risk estimations and apply precautionary exposure control. Some were developed more with the aim to enable precautionary screening assessments to determine whether there is a need for a subsequent assessment in depth (Precautionary Matrix). Others were developed with the aim to protect researchers in work at laboratory scale (CB Nanotool), or to provide guidance for organization of safe work with nanomaterials (IVAM Guidance) or with the aim to perform simple precautionary risk assessments without taking the contextual information at the work place into account (ANSES). Although varying greatly in focus and scope, most of the tools give guidance on how to make this first-hand assessment of the hazards and exposure associated with NM and their use(s), respectively.
Second, several of the existing exposure estimation tools listed in R.14 (ECHA, 2012a) require a substantial number of input parameters and so do many of the CB nanotools. Some of the CB nanotools even ask for input parameters that are not standard information in technical and safety data sheets and not even readily available in the scientific literature (e.g. surface reactivity and degree of agglomeration). In more recent developments, test guidance to obtain this data is slowly emerging Studer et al., 2013) .
Third, as existing exposure limits are given for conventional compounds, the tools listed in R.14 (ECHA, 2012b) specifically focus on exposure estimation and most of them focus on inhalation. Only a few are applicable for dermal exposure assessment. Most of the CB nanotools also focus on inhalation risk only and use an estimate of the likelihood of exposure or a more-or-less precise relative scale. In CB-tools, built-in hazard assessment or scaling models are necessary to enable an overall risk assessment, when the hazard is not known.
Overall, it seems that, among all the CB tools analyzed, Stoffenmanager Nano and NanoSafer have the closest resemblance with the conceptual exposure assessment model by Schneider et al. (2011) and the core information requirements of the ECHA Guidance R.14 (Table 6 ). Regarding the input parameters, Stoffenmanager Nano and NanoSafer are somewhere in between the ECHA Guidance R.14 Tier 1 and higher Tier requirements including the aerosol-dynamic STR-like (Source-Transmission-Receptor) modeling. However, the relative importance of the different additional input parameters considered in the STR model as compared to simpler models is not known and should be further investigated in future work.
From Table 6 , it can be noted that the descriptive parameters in the work process are mainly taken into account by Stoffenmanager Nano and NanoSafer and are in agreement with the determinant parameters in ECHA Guidance R.14 and the STR model. Moreover as suggested by Kuhlbusch et al. (2011) this information is also needed for a "systematic approach of harmonization and standardization" because for a better exposure evaluation it is necessary to differentiate the various work scenarios.
Stoffenmanager Nano and NanoSafer use more parameters for complying with the source-to-receptor model than any of the other CB tools: 7 determinant parameters for the source component (in Stoffenmanager Nano) and 10 determinant parameters for the source component (in NanoSafer) as well as 7 and 2 determinant parameters for the transmission component in Stoffenmanager Nano and NanoSafer, respectively. The same is the case when it comes to the compliance with the core information requirement of the ECHA Guidance R.14, for which 6 and 5 determinant parameters are used in Stoffenmanager Nano and NanoSafer, respectively.
It is evident from Table 6 how the number of input parameters varied from the simplest to the more complex models. Only one parameter is required in the ANSES tool to scale exposure while fifteen input parameters are requested in Stoffenmanager Nano. The simplest tools regarding input requirements are the ANSES and the IVAM tools while NanoSafer and Stoffenmanager Nano are the most complex tools requesting and using a much higher number of input parameters. One key issue of using ECHA exposure assessment tools is that they assume the presence of OEL, but only in rare cases we have OELs for nanomaterials and the first recommendations have just emerged. Therefore, for evaluating the risk level associated with production or work with a NM in the work-place, a certain number of input parameters are especially needed to enable hazard estimates when data and OEL does not exist. These parameters are clearly control banding requirements and not (only) exposure assessment requirements.
From a user perspective, it would be desirable to use a tool with a low number of input parameters (e.g., the ANSES tool or the IVAM Guidance) to complete an exposure assessment. However a more advanced tool with a higher number of input parameters is likely to have a higher dynamic range while still enabling a balance between ensuring a safe work environment and "being able to work". For instance looking at Table 6 and comparing the number of input parameters required by the IVAM Guidance and NanoSafer, respectively, it is evident that the IVAM Guidance is very precautionary dividing the scenarios into cases with exposure or not while NanoSafer evaluates the level of potential exposure. In this respect Stoffenmanager Nano and NanoSafer are more advanced in terms of developing a tool for use in accordance with R.14 and for providing a quantitative model for estimation of the occupational exposure assessment of nanomaterials. In general it seems that NanoSafer and Stoffenmanager Nano are suited for inclusion in R.14 (ECHA, 2012b) in order to provide guidance to registrants on how to address and manage NM in a REACH context. Stoffenmanager Nano and NanoSafer, however, focus specifically on inhalation and work is needed to develop CB-nano tools for estimating dermal and oral exposure.
With respect to nano-relevance of the materials to be assessed, the CB-nano tools have different inclusion criteria. For example all tools but the Swiss Precautionary Matrix include a size criterion of maximum diameter of the individual particles, fibers, tubes, and flakes at 100 nm or smaller while the Swiss Precautionary Matrix includes particles up to 500 nm. The difference in size criteria suggest that there is a need to harmonize the definition of the nano-relevance parameter used and to be clear what the including criteria are and how it is defined/measured. Moreover, it is important to take the hazard information into account as recommended also by Hunt et al. (2013) "… integrates rather than separate exposure and toxicity for realistic modelling". In this way an advanced tool is able to analyze if there is a risk and if the risk is not relevant or in which condition the risk is relevant. Therefore it is able to suggest which action is needed to be taken into account at the source, at the receptor and at the compartment level to reduce the exposure and then the risk. Therefore for further development of more generically applicable exposure assessment frameworks, harmonization and calibration of the input parameters and the output is needed to improve the coherency of results and the applicability and the predictions. Identification and harmonization on what can be classified as determinant parameters; e.g.: room size, ventilation exchange rate, activity duration, activity energy, dustiness and humidity influence; is also needed for the evaluation of the potential exposure (Levin et al., 2014) . Finally, to enable comparability of results, there is a need to harmonize or calibrate the scaling of the bands. Moreover, if the methods are compiled into a framework, harmonization or calibration of the control bands and their associated risk management suggestions is needed to ensure similar risk communication to the safety professionals and employees expected to have different aims, skills and expertise.
Conclusions
The six risk categorization-and control banding tools analyzed here have different application domains and are based on different concepts and output formats: The CB Nanotool was developed for protecting nanotechnology researcher; IVAM Guidance was developed for supporting employee and employers in discussing their workplace safety; Stoffenmanager Nano, NanoSafer, ANSES were developed for occupational risk assessment and management during the production and downstream use; Precautionary Matrix for risk identification and prioritization.
The number of input parameters found to be determinant for the exposure estimations varied from one or two (IVAM Guidance, ANSES) to more than 15, including exposure characterization and control measures (NanoSafer and Stoffenmanager Nano, respectively).
The different tools allocate control bands in different ways with different numbers of control bands and different typologies of recommendation. Some tools (CB Nanotool, ANSES, IVAM Guidance) recommend general risk management, while others (Stoffenmanager Nano and NanoSafer) provide also recommendations for exposure control.
Due to differences in the input parameters and the output format, it is not possible to perform a direct quantitative comparison of their performance and therefore also not possible to immediately combine the different models into a larger holistic framework.
Even-though the evaluated tools were not developed for regulatory use, Stoffenmanager Nano and NanoSafer already include the determinant parameters suggested in ECHA Guidance R.14 and R.14-4, RIPoN-1, RIPoN-2 and thereby principally fulfill REACH requirements for exposure assessment.
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